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In  o rde r  t o  decrease t h e  energy c o s t s  a s soc i a t ed  with i n f i l t r a -  
t i o n ,  many new r e s i d e n t i a l  s t r u c t u r e s  a r e  being b u i l t  t o  more 
s t r i n g e n t  a i r - t i gh tnes s  s tandards ;  a d d i t i o n a l l y ,  many e x i s t i n g  
s t r u c t u r e s  a r e  being t igh tened .  A s  s t r u c t u r e s  a r e  made t i g h t e r ,  
t he  t o t a l  amount of v e n t i l a t i o n  a v a i l a b l e  f o r  the  removal of pol- 
l u t a n t s  generated wi th in  t h e  s t r u c t u r e  i s  reduced, thus  causing a  
concern t h a t  indoor a i r  q u a l i t y  may be su f f e r ing .  Included among 
the  many s o l u t i o n s  t o  t h e  problem of unacceptable a i r  q u a l i t y  a r e  
cleaning the  a i r  wi th in  t h e  s t r u c t u r e  ( f i l t r a t i o n )  o r  rep lac ing  
the  contaminated a i r  wi th  f r e s h  outdoor a i r  ( v e n t i l a t i o n ) .  
Because f i l t r a t i o n  may not be p r a c t i c a l  f o r  r e s i d e n t i a l  bu i ld ings ,  
most of t he  e f f o r t  i n  c o n t r o l l i n g  indoor contaminants has been 
concentrated on f ind ing  t h e  most e f f e c t i v e  means of increas ing  
v e n t i l a t i o n  whi le  i ncu r r ing  t h e  sma l l e s t  energy load. This  repor t  
examines s e v e r a l  v e n t i l a t i o n  s t r a t e g i e s  f o r  both impact on the  
t o t a l  v e n t i l a t i o n  and e f f e c t  on the  energy balance of t h e  s t ruc -  
t u r e .  The s t r a t e g i e s  we examine inc lude  n a t u r a l  systems such a s  
v e n t i l a t i o n  s t a c k s  a s  w e l l  a s  mechanical systems such as a i r - to-  
a i r  h e a t  exchangers o r  exhaust fans wi th  and without hea t  pumps. 

1. INTRODUCTION 

As a r c h i t e c t s ,  bu i lde r s ,  and home-owners become more energy cons- 
c ious ,  i nc reas ing  a t t e n t i o n  i s  paid t o  t h e  energy burden imposed 
by v e n t i l a t i o n  and a i r  i n f i l t r a t i o n :  t he  goa l  of decreasing t o t a l  
energy consumption has l e d  t o  t i g h t e r  houses and decreased a i r  
i n f i l t r a t i o n .  However, a s  a i r  i n f i l t r a t i o n  i s  decreased i n  t he  
name of energy conservat ion,  t he  p o s s i b i l i t y  of unacceptable 
indoor a i r  q u a l i t y  grows. I f  indoor a i r  q u a l i t y  i s  t o  be 
preserved a t  low i n f i l t r a t i o n  r a t e s ,  mechanical v e n t i l a t i o n  may 
have t o  be added t o  i nc rease  t h e  t o t a l  v e n t i l a t i o n  r a t e  t o  an  
acceptable  l e v e l  a t  a  minimum cos t .  

A comparison of mechanical v e n t i l a t i o n  systems requi res  ca l cu la t -  
ing  t h e  e f f e c t s  such systems have on the  t o t a l  v e n t i l a t i o n  and 
v e n t i l a t i o n  (energy)  load of t h e  s t r u c t u r e .  I n  order  t o  make t h i s  
c a l c u l a t i o n  we w i l l  use  t h e  single-zone i n f i l t r a t i o n  model 
developed a t  Lawrence Berkeley Laboratory, which uses  a i r  t i g h t -  
ness ,  s t r u c t u r a l  parameters,  and weather t o  c a l c u l a t e  a i r  i n f i l -  
t r a t i o n ;  mechanical v e n t i l a t i o n  can then  be combined with the  
n a t u r a l  v e n t i l a t i o n  t o  y i e l d  t o t a l  v e n t i l a t i o n .  From t h e  na tu ra l  
v e n t i l a t i o n ,  the  mechanical v e n t i l a t i o n ,  and the  p rope r t i e s  of the 
mechanical system, the  t o t a l  v e n t i l a t i o n  load can be ca l cu la t ed .  

The purpose of t h i s  paper i s  not t o  make a  de t a i l ed  c a l c u l a t i o n  
f o r  a  p a r t i c u l a r  bu i ld ing  a t  a  p a r t i c u l a r  s i t e , *  but r a t h e r  t o  
make a  simple c a l c u l a t i o n  f o r  a  t y p i c a l  house (defined i n  t he  



n a t u r a l  v e n t i l a t i o n  s e c t i o n  below). That c a l c u l a t i o n  can then  be 
used a s  a  b a s i s  t o  compare t h e  i n f i l t r a t i o n  and load e f f e c t s  of 
d i f f e r e n t  systems under d i f f e r e n t  condi t ions  (of a i r  t i g h t n e s s ,  
i n s i d e l o u t s i d e  temperature d i f f e r e n c e ,  and wind speed)* Be-cause 
t h e s e  c a l c u l a t i o n s  a r e  intended t o  be r e p r e s e n t a t i v e  L c t  non- 
s p e c i f i c ,  no economic comparison w i l l  be made among syster7s. 

We examine t h r e e  a l t e r n a t i v e  mechanical v e n t i l a t i o n  s t r a t e g i e s  f o r  
i n c r e a s i n g  t o t a l  v e n t i l a t i o n .  We compare a  balanced (mechanical) 
a i r - t o - a i r  system, an unbalanced (mechanical) exhaust  system, and 
a  v e n t i l a t i o n  s t a c k  with completely n a t u r a l  v e n t i l a t i o n .  The 
exhaust  system w i l l  be subdivided i n t o  t h r e e  systems t h a t  t r e a t  
hea t  l o s s  through t h e  mechanical system d i f f e r e n t l y .  

2 .  TJATURAL VENTILATION 

Natural  v e n t i l a t i o n  (o r  a i r  i n f i l t r a t i o n )  i s  caused by t h e  
i n t e r a c t i o n  of t h e  bu i ld ing  envelope wi th  weather-induced pres- 
su re s .  The express ion ,  a s  der ived  from d e t a i l e d  c a l c u l a t i o n ,  3 

depends on i n s i d e / o u t s i d e  temperature  d i f f e r e n c e  and wind speed. 

0 
f s a T  + f  v  Qo = L J,, 

where : 
3 

Qo i s  t h e  v e n t i l a t i o n  from a i r  i n f i l t r a t i o n  [m / s ] ,  

Lo i s  t h e  t o t a l  leakage a r ea  [m2], 

AT i s  t h e  i n s i d e l o u t s i d e  temperature  d i f f e r e n c e  [K], 
v  is  the  wind speed [rn/s] , 
f s  i s  t h e  s t a c k  parameter [m/s ~ " ~ 1 ,  and 

fw i s  t h e  wind parameter.  

The s t a c k  and wind parameters depend on t h e  leakage d i s t r i b u t i o n ,  
bu i ld ing  he igh t ,  and s h i e l d i n g  and t e r r a i n  f a c t o r s .  To c a l c u l a t  
t h e  i n f i l t r a t i o n ,  Qo, we use  t h e  concept of a  re fe rence  house; 2 
t he  r e f e r ence  house has  t y p i c a l  va lues  f o r  t h e  s t r u c t u r a l  parame- 
t e r s  t h a t  go i n t o  t he  s t a c k  and wind parameters.  S p e c i f i c a l l y ,  
t h e  house is  a  s ing l e - s to ry ,  t y p i c a l l y  sh ie lded  house i n  average 
t e r r a i n ;  ha l f  of t h e  leakage i s  d i s t r i b u t e d  evenly i n  t h e  wal ls  
and the  o t h e r  h a l f  t o  t h e  f l o o r  and ce i l ing*equal ly .  With these  
assumptions t he  s t a c k  and wind parameters a r e  : 

* Conforming t o  t h e  conventions of t he  model H = 2.5m, sh i e ld ing  
c l a s s  = t e r r a i n  c l a s s  = 111, R = 0.5, X = 0. 



We s h a l l  u s e  t h e s e  v a l u e s  throughout  t h e  remainder of t h e  r e p o r t .  

Even though we have used a s i m p l i f i e d  r e f e r e n c e  house,  t h e r e  a r e  
s t i l l  t h r e e  independent v a r i a b l e s  ( l eakage  a r e a ,  temperature  
d i f f e r e n c e ,  and wind speed)  t h a t  make it q u i t e  d i f f i c u l t  t o  
r e p r e s e n t  t h e  r e s u l t s .  I n  F ig .  la, we have p l o t t e d  t h e  n a t u r a l  
v e n t i l a t i o n  ( i . e . ,  v e n t i l a t i o n  due t o  a i r  i n f i l t r a t i o n )  v e r s u s  
i n s i d e - o u t s i d e  t empera tu re  d i f f e r e n c e  f o r  t h r e e  envelope l eakage  
a r e a s .  The l eakage  a r g a s  were chosen t o  r e p r e s e n t  y l u e s  f o r  a 
t i g h t  house (900 cm"), a l o o s e  house (1000 c m  ), and one i n  2 between (500 cm ). The curves  have been c a l c u l a t e d  assuming a 
m e t e o r o l o g i c a l  wind speed of 4 m / s ,  a n  average wind speed t y p i c a l  
of many a r e a s  i n  North America and Western Europe. The p a i r  of 
ar rows t h a t  c r o s s e s  each curve  shows t h e  e f f e c t  o f  wind speed on 
v e n t i l a t i o n ;  t h e  base  of each arrow was computed f o r  z e r o  wind 
speed,  and t h e  t i p  was c a l c u l a t e d  f o r  a wind speed of 8 m / s  -- 
t w i c e  t h e  wind speed used i n  t h e  curves .  

Assuming t h a t  a l l  i n f i l t r a t i n g  a i r  mixes w i t h  i n t e r i o r  a i r ,  t h e  
i n f i l t r a t i o n  load  can  be c a l c u l a t e d  e a s i l y  from t h e  i n f i l t r a t i o n :  

where : 

E~ i s  t h e  energy l o a d  due t o  n a t u r a l  v e n t i l a t i o n  [W], 

P 
3 i s  t h e  d e n s i t y  of a i r  [1.2 kg/m 1 ,  and 

C~ 
i s  t h e  h e a t  c a p a c i t y  of a i r  [ I 0 2 3  J/kg-I:]. 

Note t h a t  h e r e  and i n  t h e  s e c t i o n s  t o  f o l l o w  w e  ignore  t h e  e f f e c t  
of t h e  l a t e n t  l o a d  on energy consumpt2on and assume t h a t  t h e  ven- 
t i l a t i o n  e f f i c i e n c y  of a l l  forms ( i . e . ,  n a t u r a l  and mechanical )  i s  
u n i t y .  

Fig .  l b ,  u s i n g  t h e  same convent ions  a s  F ig .  l a ,  shows t h e  v e n t i l a -  
i o n  l o a d ' d u e  t o  n a t u r a l  i n f i l t r a t i o n  a s  a f u n c t i o n  of temperature  

d i f f e r e n c e  f o r  t h e  t h r e e  l eakage  a r e a s .  Because t h e  i n f i l t r a t i o n  
i n  Fig .  l a  is a monotonical ly  i n c r e a s i n g  f u n c t i o n  of temperature ,  
t h e  l o a d s  i n c r e a s e  f a s t e r  t h a n  would be shown by a s t r a i g h t  l i n e .  

3. VENTILATION P.EQU1REPIENTS 

The purpose  of mechanical  v e n t i l a t i o n  i s  t o  a s s u r e  t h a t  indoor 
p o l l u t a n t s  a r e  adequa te ly  d i l u t e d  by f r e s h  a i r ;  the  exac t  amount 
of f r e s h  a i r ,  however, i s  no t  g e n e r a l l y  agreed upon. Although t h e  
necessa ry  v e n t i l a t i o n  r a t e  w i l l  depend s t r o n g l y  upon t h e  t y p e s  and 
source  s t r e n g t h s  of t h e  p o l l u t a n t s ,  f o r  t h e  purpose of t h i s  r e p o r t  
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Fig. la. Ventilation due to air infiltration. 
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Fig. lb. Ventilation load due to air infiltration. 
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3 we assume t h a t  200 m / h r  i s  the  amount of t o t a l  v e n t i l a t i o n  neces- 
s a r y  f o r  adequate indoor a i r  q u a l i t y .  This  cou d correspond, f o r  

5 
3 example, t o  one a i r  cha ge per  hour i n  a 200 m house o r  one-half 

an  a i r  change i n  a 400 m house. Refer r ing  aga in  t o  Fig.  l a ,  we 
s e e  t h a t  under average weather condi t ions  only t h e  l e a k i e s t  
envelope meets our  v e n t i l a t i o n  requirement wi th  n a t u r a l  ven t i l a -  
t i on .  The t i g h t e r  two envelopes (and t h e  leaky envelope under 
very calm cond i t i ons )  r e q u i r e  a d d i t i o n a l  v e n t i l a t i o n  t o  meet t he  
requirement.  We must, t h e r e f o r e ,  cons ider  mechanical v e n t i l a t i o n  
systems. 

4.  BALANCED AIR-TO-AIR SYSTEIIS --- 

Ilechanical v e n t i l a t i o n  systems employing a i r - to -a i r  hea t  
exchangers have r ecen t ly  received cons idera t ion  a s  a poss ib l e  ys- 3 t e m s  f o r  t h e  c o n t r o l  of indoor p o l l u t a n t  l e v e l s  i n  residences.  I n  
t h e s e  systems the re  a r e  two a i r s t r eams ,  one supply and one 
exhaust ,  which come i n t o  thermal  contac t  bu t  do not mix. IIeat i s  
t r a n s f e r r e d  from one a i r s t r e a m  t o  t h e  o the r ,  reducing the  
increased  load from a d d i t i o n a l  v e n t i l a t i o n .  Because t h e  system i s  
assumed t o  be balanced ( i . e . ,  exhaust flow and supply flow a r e  
equa l ) ,  t h e  i d e a l  h e a t  exchanger has  no e f f e c t  on t h e  i n t e r n a l  
(house) pressure .  The system, however, does a f f e c t  a i r  i n f i l t r a -  
t i o n  because i t  con t r ibu te s  t o  t h e  leakage a rea  of t he  s t r u c t u r e .  

We can c a l c u l a t e  t h e  t o t a l  v e n t i l a t i o n  from a i r  i n f i l t r a t i o n ,  the 
f a n  flow through the  exchanger, and t h e  e x t r a  leakage a rea :  

where: 

Q 1 i s  the  t o t a l  v e n t i l a t i o n  f o r  t h e  a i r - t o -a i r  system 

[m3/s I ,  
3 

Qf 1 i s  the  a i r  flow from each f a n  [m / s ] ,  and 

1 i s  the  a d d i t i o n a l  leakage a r e a  from the  exchanger 
2 

[m I .  

Note t h a t  t he  presence of a non-zero 
L f  

term w i l l  e f f e c t i v e l y  
"unbalance" the  system. This  s impl i  i c a t i o n  ignores  any non- 
l i n e a r  i n t e r a c t i o n s  t h a t  may couple f a n  performance t o  ex t e rna l  
pressure.  For our c a l c u l a t i o n s  we have s i zed  the  system a s  fo l -  
lows : 



The ass ignment  of a d d i t i o n a l  l eakage  a r e a  w a s  based on a res -  
t r i c t e d  s e t  of c a l c u l a t i o n s  and, i n  any s p e c i f i c  s i t u a t i o n ,  could  
v a r y  by a f a c t o r  of t h r e e .  

F i g u r e  2a i s  a p l o t  of t h e  v e n t i l a t i o n  f o r  t h i s  system u s i n g  t h e  
same weather  and l eakage  v a l u e s  as i n  F ig .  l a  and lb .  F o r  a l l  
t empera tu res  and l e  kage areas t h e  t o t a l  v e n t i l a t i o n  rate meets 3 t h e  t a r g e t  of 200 m / h r ,  and may prov ide  as much a s  t w i c e  t h a t  f o r  
t h e  l e a k y  envelope o r  extreme weather .  

The energy  load  due t o  t h e  combined e f f e c t  of t h e  a i r - t o - a i r  sys- 
tem and n a t u r a l  i n f i l t r a t i o n  can  be c a l c u l a t e d  from t h e  system 
parameters :  

where: 

1 i s  t h e  t o t a l  v e n t i l a t i o n  l o a d  [ W ] ,  and 

1 i s  t h e  e f f e c t i v e  heat- recovery e f f i c i e n c y .  

The e f f e c t i v e  heat- recovery e f f i c i e n c y  i s  t h e  f r a c t i o n  of t h e  sen- 
s i b l e  h e a t  ( P C  AT Q f l )  t h a t  i s  recovered  by t h e  h e a t  exchanger. 
We have assumed 8 n  e f f i c i e n c y  of 70%. 

When ou tdoor  t empera tu res  a r e  s u b s t a n t i a l l y  below f r e e z i n g ,  t h e  
performance of t h e  h e a t  exchanger  may be degraded by i c e  forming 
i n  t h e  exhaus t  s t ream;  f r e e z i n g  t empera tu res  n e c e s s i t a t e  p e r i o d i c  
d e f r o s t i n g  of t h e  h e a t  exchanger.  Although t h e  o v e r a l l  e f f i c i e n c y  
of t h i s  sys tem w i l l  be reduced i n  ve ry  c o l d  c l i m a t e s ,  w e  have n o t  
s p e c i f i c a l l y  inc luded  t h i s  i n  our  a n a l y s i s .  

The t o t a l  v e n t i l a t i o n  load  w i l l  be h i g h e r  w i t h  a n  a i r - t o - a i r  sys- 
tem t h a n  w i t h o u t  one. F i g u r e  i b  shows t h e  i n c r e a s e  i n  v e n t i l a t i o n  
l o a d  due t o  t h e  h e a t  exchanger  . Because t h i s  system i s  balanced,  
t h e r e  i s  no e f f e c t  on t h e  i n t e r n a l  p r e s s u r e  of t h e  envelope,  and 
t h e  i n c r e a s e  i n  v e n t i l a t i o n  l o a d  i s  independent  of l eakage  a r e a  -- 
hence t h e r e  i s  one curve i n s t e a d  of t h r e e .  Furthermore,  t h e  s i z e  
of t h e  wind a r rows  i n d i c a t e s  t h e  magnitude of t h e  e f f e c t  t h a t  
a d d i t i o n a l  l eakage  a r e a  h a s  on  t h e  load .  Because t h e  wind arrows 
a r e  q u i t e  s m a l l ,  o u r  assumptions  about  t h e  s i z e  and i n t e r a c t i o n  of 

-1. 

Convent iona l ly ,  t h e  t o t a l  v e n t i l a t i o n  l o a d  i s  compared between 
two systems which have t h e  s a m e  t o t a l  v e n t i l a t i o n  ( i . e . ,  a na t -  
u r a l  sys tem and one w i t h  a h e a t  exchanger and a much smaller 
amount of i n f i l t r a t i o n ) ,  implying a d i f f e r e n t  envelope l eakage  
f o r  t h e  two c a s e s .  We a r e  comparing a s t r u c t u r e  w i t h o u t  a h e a t  
exchanger t o  e x a c t l y  t h e  s a m e  s t r u c t u r e  w i t h  a h e a t  exchanger.  



F i g .  2a.  V e n t i l a t i o n  due t o  a balanced h e a t  exchanger. 
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the  a d d i t i o n a l  leakage a rea  a r e  not c r i t i c a l ,  

The above d i scuss ion  assumes t h a t  t he  weather-induced pressures  on 
t h e  hea t  exchanger opera te  i n  t he  same d i r e c t i o n .  This  would be 
t h e  case  i f  t h e  supply and exhaust  duc t s  were near  each o t h e r  a s ,  
f o r  example, i n  a  window u n i t .  I f  t h e  weather-induced pressures  
a c t  i n  oppos i te  d i r e c t i o n s  (e.g. ,  a h igh  supply and a  low exhaust 
on oppos i te  s i d e s  of t he  bu i ld ing ) ,  t he  amount of hea t  recovered 
through t h e  hea t  exchanger w i l l  be increased  and t h e  t o t a l  load 
mi t iga ted :  

We have not ,  however, used t h i s  express ion  i n  our ca l cu la t ions .  

5 .  EXHAUST SYSTEllS 

In  a  balanced hea t  exchanger, supply and exhaust  flows are matched 
and t h e r e  i s  no e f f e c t  on i n t e r n a l  pressure .  I n  an  exhaust system 
t h e r e  i s  no (mechanically provided) supply air;  r a t h e r  a l l  a i r  
exhausted from t h e  mechanical system must e n t e r  through t h e  build- 
i ng  envelope. Thus, the  i n t e r n a l  pressure  w i l l  be s i g n i f i c a n t l y  
reduced a s  w i l l  t h e  n a t u r a l l y  dr iven  p a r t  of t he  v e n t i l a t i o n ;  the  
i n f i l t r a t i o n  through the  envelope w i l l  be increased and t h e  e x f i l -  - 
t r a t i o n  w i l l  be decreased. The o v e r a l l  e f f e c t  i s  a n  i n c r e z e  i n  
t o t a l  i n f i l t r a t i o n ,  with a sma l l e r  abso lu t e  quan t i t y  of a i r  cross- 
i ng  through the  envelope. We can c a l c u l a t e  t he  t o t a l  i n f i l t r a t i o n  
r a t e  us ing  the  r u l e  of superpos i t ion  i n  quadrature:  

where : 

43 i s  t he  t o t a l  v e n t i l a t i o n  f o r  t h e  exhaust system 
[m3/s], and 

3  
Qf3  is  the  flow through the exhaust f a n  [n / s ] .  

For our exhaust systems we have used a  flow equal  t o  our t a r g e t  
i n £  i l t r a t i o n .  

Exhaust systems may be e s p e c i a l l y  suscep t ib l e  t o  incomplete mixing 
and lower v e n t i l a t i o n  e f f i c i e n c i e s ;  t he re fo re ,  t he  va lue  of gf3 
should be taken a s  the  e f f e c t i v e  flow ( i . e . ,  the  product of the 
v e n t i l a t i o n  e f f i c i e n c y  and t h e  a c t u a l  flow r a t e )  f o r  ca l cu la t ing  
both i n f i l t r a t i o n  and load. 



Because exhaust  systems a f f e c t  t h e  i n t e r n a l  p ressure ,  t h e  t o t a l  
v e n t i l a t i o n  w i l l  be g r e a t e r  t han  the  exhaust  v e n t i l a t i o n  only when 
t h e  n a t u r a l  a i r  i n f i l t r a t i o n  i s  la rge .  F igure  3a shows t h e  t o t a l  
v e n t i l a t i o n  f o r  a l l  exhaust  systems. 

5 .1  ?To IIeat Recuperation -- 

W e  have e l e c t e d  t o  t r e a t  t h e  hea t  l o s s  of t he  exhaust systems i n  
t h r e e  d i f f e r e n t  ways, corresponding t o  t h r e e  types of exhaust  ven- 
t i l a t i o n  systems. The f i r s t  of these  systems i s  the  s i m p l i s t ;  
t h a t  is,  a s imple system wi th  no h e a t  recovery whatsoever. I n  
t h i s  ca se  t h e  t o t a l  v e n t i l a t i o n  load i s  der ived from t h e  t o t a l  
v e n t i l a t i o n .  

where : 

E3a 
i s  the  t o t a l  v e n t i l a t i o n  load  without  recovery [ W ] .  

r i g u r e  3b shows t h e  a d d i t i o n a l  v e n t i l a t i o n  load imposed by an  
exhaust  system without  hea t  recupera t ion .  Note t h a t  t h e  arrows 
i n d i c a t i n g  wind dependence po in t  down i n s t e a d  of up. This  indi-  
c a t e s  t h a t  t h e  a d d i t i o n a l  load  imposed by the  exhaust system a: 
h igh  wind speed i s  smaller than  t h e  a d d i t i o n a l  load imposed by t h e  
same system a t  lower wind speeds.  S imi l a r ly ,  t h e  curves  f o r  the  
leaky  envelope are below those  f o r  t h e  t i g h t  envelope. This 
behavior  i s  a d i r e c t  consequence of t he  f a c t  t h a t  exhaust systems 
a f f e c t  t h e  i n t e r n a l  p ressure ,  and i s  common t o  a l l  t h e  exhaust 
systems. 

5 - 2  Ileat Recovery 

Another p o s s i b l e  exhaust system i s  one i n  which the re  i s  80,-a heat  
recovery i n  t h e  exhaust s t ream (e.g., a regenera t ive  ile;;t 
exchanger).  Systems of t h i s  type would have a s i n g l e  s t ream of 
a i r  t h a t  passes  through a hea t  s t o r a g e  medium i n  a l t e r n n t i a g  
d i r e c t i o n s ,  f i r s t  s t o r i n g  h e a t  i n  t he  medium during  he exiiaust 
phase and recover ing  i t  dur ing  t h e  supply phase. It may even b 
p o s s i b l e  t o  u s e  a bu i ld ing  envelope a s  t h e  heat-exchange medium . 3 
I n  any ca se  t h e  t o t a l  v e n t i l a t i o n  load  w i l l  be reduced from the  
va lue  c a l c u l a t e d  above. 



ALL EXHAUST SYSTEMS 

sq c r n  of envelope leakage 
..-_..._ 500 sq c r n  
- - 1000 sq c r n  - 800 

\ 

4 

$ 400 t 
_C_--- 

I 
_/--- 

I 
-I---- t 

r ----- 
._._L._..._.------- _ _ _ _ _ _ _ _ . _ . _ . _ _ _ _ _ _ - . - - - L - . - - - - - - - - - - - - - - - - - - - - - - - - - - - ~  

0;. 
0 

' 
10 2 0 30 40 50 

Ins~de/Outslde Temperature Dlfference CKI 

Fig. 3a. Ventilation from exhaust systems. 
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where : 

4 3  i s  t h e  e f f e c t i v e  e f f i c i e n c y  of t h e  h e a t  recovery.  

Because i t  i s  e i t h e r  s t o r i n g  h e a t  ( a s  i t s  temperature  i n c r e a s e s )  
o r  r e l e a s i n g  h e a t  ( a s  i t s  tempera tu re  d e c r e a s e s ) ,  t h e  o v e r a l l  
e f f i c i e n c y  of such  a r e g e n e r a t i v e  h e a t  exchanger cannot be a s  h igh 
a s  f o r  t h e  a i r - t o - a i r  system i n  which t h e r e  i s  a c o n s t a n t  t r a n s f e r  
of h e a t  from one s t ream t o  t h e  o t h e r .  Accordingly ,  we have chosen 
a reduced v a l u e  f o r  t h e  e f f e c t i v e  h e a t - t r a n s f e r  e f f i c i e n c y  of t h i s  
system. 

F igure  3c  shows t h e  add i t iona l .  load  induced by an  exhaust  system 
w i t h  h e a t  recovery.  Th is  f i g u r e  demonstra tes  t h e  same s o r t  of 
upside-down behavior  s e e n  i n  t h e  p r e v i o u s  p l o t ,  but  it  i s  
i n t e r e s t i n g  t o  n o t e  t h a t  some p a r t s  of t h e s e  curves  ex tend  below 
t h e  o r i g i n ;  i n d i c a t i n g  t h a t  i n  some c a s e s  (extreme wea ther / l eaky  
enve lopes )  a n  exhaust  sys tem w i t h  h e a t  r ecovery  can --- d e c r e a s e  t h e  
t o t a l  v e n t i l a t i o n  load.  

3 . 3  Heat Pump -- 

Heat recovery  by a heat-exchanger i s  l i m i t e d  by t h e  d i f f e r e n c e  i n  
t empera tu re  a c r o s s  t h e  heat-exchange medium; a n  a l t e r n a t e  method 
of h e a t  r ecovery  i s  t o  use  a h e a t  pump t o  pump t h e  h e a t  o u t  of t h e  
exhaus t  s t ream.  I n  some e x i s t i n g  systems such h e a t  pumps a r e  used 
t o  p r e h e a t  t h e  domestic h o t  w a t e r ,  but  we w i l l  assume t h a t  t h e  
h e a t  i s  pumped i n  t h e  cond i t ioned  a i r -  space .  Because t h e  a i r  i n  
t h e  exhaus t  stream w i l l  always be abou t  t h e  same temperature  
( i n t e r n a l ) ,  t h e  ::ffect of t h e  h e a t  pump w i l l  be t o  s h i f t  t h e  ven- 
t i l a t i o n  load  d o w ~  by a f i x e d  amount. 

where : 

AT3 i s  t h e  t empera tu re  drop a c r o s s  t h e  exhaust  s t ream 

[ K l  * 

The c h o i c e  of temperature  d i f f e r e n c e  i s  e s s e n t i a l l y  a r b i t r a r y  and 
w i l l  probably  depend on t h e  systems a v a i l a b l e  a t  t h e  t i m e .  We 
have,  t h e r e f o r e ,  chosen one which we b e l i e v e  i s  r e p r e s e n t a t i v e  of 
what can be expected i n  c o n s i d e r a t i o n  of l a t e n t  h e a t  and f r e e z i n g  
i s s u e s ,  



Fig. 3c. Additional ventilation load from exhaust systems--with 
regeneration. 
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Figure  3d shows t h e  a d d i t i o n a l  load induced by an exhaust system 
wi th  heat-pump recupera t ion ,  which is  t h e  p l o t  f o r  exhaust without 
recupera t ion  s h i f t e d  down by 1150 wat t s .  For  most c l i m a t i c  condi- 
t i o n s  t h i s  system reduces the  t o t a l  v e n t i l a t i o n  load;  and f o r  very 
mild condi t ions  the  t o t a l  v e n t i l a t i o n  load may become negat ive.  

Once very simple approach t o  increas ing  t o t a l  v e n t i l a t i o n ,  which 
has  been used i n  l a rge  s t r u c t u r e s  but  r a r e l y  on ind iv idua l  
res idences ,  is t h a t  of a  v e n t i l a t i o n  s t ack .  A v e n t i l a t i o n  s t ack  
i s  a  chimney t h a t  p r o j e c t s  i n t o  the  f r e e  a i r  above t h e  s t  uc ture  
and inc reases  v e n t i l a t i o n  by i t s  own s t a c k  and wind e f f e c t .  g 

where : 
3 

04 i s  the  v e n t i l a t i o n  from a v e n t i l a t i o n  s t a c k  [m / s ] ,  
and 

3 
Qf4 

i s  t h e  flow induced by the  v e n t i l a t i o n  s t a c k  [m I s ] .  

The flow induced by the  v e n t i l a t i o n  s t ack  h a s  a n  form analogous t o  
t h a t  of a i r  i n f i l t r a t i o n :  

where : 
2 

L4 i s  the  leakage a r e a  of t h e  s t a c k  [m 1 ,  

f s 4  i s  t h e  s t ack  parameter of t he  v e n t i l a t o r  [mls-\F], 
and 

fw4 i s  the  wind parameter of t h e  s t a c k .  

I f  w e  assume t h e  he ight  of t h e  s t a c k  t o  be s i x  meters and the  
p re s su re  c o e f f i c i e n t  a t  t h e  top of t he  s t a c k  t o  be 0.95, we can 
c a l c u l a t e  t h e  rest of the  parameters:  



Figure 4a shows t h e  t o t a l  v e n t i l a t i o n  wi th  a  s t a c k  v e n t i l a t o r  of 
t h e  above p r o p e r t i e s .  For mild condi t ions  and a  t i g h t e r  envelope 
t h e  t o t a l  v e n t i l a t i o n  i s  below our t a r g e t  l e v e l .  Because t h i s  
v e n t i l a t i o n  system i s  completely pass ive ,  t h e r e  w i l l  be no vent i -  
l a t i o n  i f  t h e r e  i s  no wind o r  temperature  d i f f e r ence .  However, 
f o r  most weather condi t ions  of i n t e r e s t  t h e r e  w i l l  be a n  accept-  
ab l e  amount of v e n t i l a t i o n  from a s t a c k  v e n t i l a t o r .  Because t he re  
i s  no hea t  recovery, t he  t o t a l  v e n t i l a t i o n  load can be simply cal-  
cu l a  ted  : 

where : 

E4 i s  t h e  t o t a l  v e n t i l a t i o n  load  f o r  a  s t a c k  v e n t i l a t o r  

[ W I  * 

The a d d i t i o n a l  load,  a s  shown i n  Fig.  4b, shows some new f e a t u r e s  
t h a t  previous p l o t s  d id  no t .  Like t h e  exhaust p l o t s ,  t h e  curves  
f o r  t h e  t i g h t e r  envelopes show l a r g e r  increased  v e n t i l a t i o n  loads,  
but l i k e  t h e  balanced systems the  arrows, which i n d i c a t e  t h e  
e f f e c t  of increased  wind speed, po in t  upwards. Furthermore, some 
of the  arrows do not c r o s s  t h e i r  corresponding curves,  i n d i c a t i n g  
t h a t  t h e  a d d i t i o n a l  v e n t i l a t i o n  load may not be a  monotonic func- 
t i o n  of wind speed. Th i s  occurs  because t h e  a i r  i n f i l t r a t i o n  
through both t h e  envelope and t h e  v e n t i l a t i o n  s t a c k  a r e  inf luenced 
by wind and temperature  d i f f e r e n c e ,  but t h e  r e l a t i v e  weightings 
a r e  much d i f f e r e n t .  

So f a r  we have shown the  e f f e c t  t h a t  each system would have on 
v e n t i l a t i o n  and v e n t i l a t i o n  load  f o r  d i f f e r e n t  leakage a reas .  We 
must now compare t h e  d i f f e r e n t  systems wi th  each o the r .  Although 
an economic c r i t e r i o n  w i l l  u l t i m a t e l y  be used t o  make a  dec is ion  
on which system t o  use,  a  comparison o f . e f f e c t s  on t o t a l  ven t i l a -  
t i o n  and v e n t i l a t i o n  load i s  i n s t r u c t i v e .  

Figure 5a compares t he  e f f e c t s  on t o t a l  v e n t i l  t i o n  t h a t  these  
systems would have on a  s t r u c t u r e  having 200 cm' of leakage a  ea. 5 The n a t u r a l  v e n t i l a t i o n  a lone  is  f a r  below t h e  t a r g e t  of 200 m /h r  
we a r e  using,  and would q u i t e  l i k e l y  cause problems w i t h  indoor 
a i r  q u a l i t y .  The o the r  t h r e e  systems y i e l d  adequate v e n t i l a t i o n ,  
wi th  t h e  p o s s i b l e  except ion of t he  s t a c k  v e n t i l a t o r  (which does 
not  m e e t  t he  t a r g e t  f o r  mild condi t ions) .  Because t h e  s t a c k  ven- 
t i l a t o r  i s  completely dependent on n a t u r a l  d r iv ing  cond i t i ons ,  it  
i s  not s u r p r i s i n g  t h a t  i t  i s  t h e  most weather-dependent of t he  
mechanical systems. Conversely,  because t h e  exhaust systems have 
a  pronounced e f f e c t  on i n t e r n a l  p ressure ,  they a r e  t h e  l e a s t  
weather-dependent; t he  balanced a i r - t o - a i r  system i s  between these 
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Fig. 4a. Ventilation from a ventilation stack. 
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Fig. 4b. Additional load from a ventilation stack. 



2 Fig. 5a. Ventilation for envelope leakage area of 200 cm . 
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two extremes . 
Figure  5b aga in  compares t h e  e f f e c t i v e n e s s  of these  systems on a  
s t r u c t u r e  having 200 cm2 of leakage a r e a ,  but compares a d d i t i o n a l  
load  r a t h e r  t han  t o t a l  v e n t i l a t i o n .  Whereas i n  Fig.  5a t he  
r e s u l t s  f o r  a l l  systems w e r e  bunched r a t h e r  c lo se ly ,  t h e  d i f f e r -  
ences among them a r e  q u i t e  no t i ceab le  i n  Fig.  5b. The order  of 
decreas ing  load  i s  approximately: v e n t i l a t i o n  s t ack ,  exhaust 
without  recupera t ion ,  exhaust  wi th  hea t  exchange, a i r - to -a i r  sys- 
t e m ,  and exhaust  wi th  a  h e a t  pump. Unsurpris ingly,  t h i s  is  a l s o  
t h e  probable  o r d e r  of i nc reas ing  cos t .  Because t h e  s t a c k  ven t i l a -  
t o r  is only one of t h e  systems t o  show p o s i t i v e  curva ture  with 
temperature ,  i t  w i l l  perform r e l a t i v e l y  poorly under extreme tem- 
p e r a t u r e  d i f f e r e n c e s ,  making i t  u n a t t r a c t i v e  f o r  co ld  cl imates .  
The s t a c k  v e n t i l a t o r  is  t h e  most s e n s i t i v e  t o  temperature d i f f e r -  
ences;  t h e  a i r - t o - a i r  system is t h e  l e a s t ,  Under moderate weather 
cond i t i ons  t h e  heat-pump system i s  a  ne t  producer of energy; but 
under more extreme condi t ions  t he  ne t  load  of t he  heat-pump system 
approaches t h a t  of t he  balanced a i r - t o - a i r  system. 

Because envelope leakage has  a n  important e f f e c t  on t h e  perfor-  
mance of eac9 system, w e  w i l l  compare t h e  systems a g a i n  -- t h i s  
time a t  500 cm of leakage a r ea .  F igure  6a shows t o t a l  ven t i l a -  
t i o n  f o r  a l l  t h e  systems under t he se  condi t ions .  Compared t o  Fig. 
5a,  a l l  t h e  curves  a r e  s h i f t e d  upwards somewhat, e s p e c i a l l y  t h e  
one f o r  n a t u r a l  v e n t i l a t i o n ,  a l though i t  i s  s t i l l  inadequate  when 
used a lone ,  While t h e  exhaust systems and v e n t i l a t i o n  s t a c k  have 
moved l i t t l e ,  t he  balanced system has moved up a s  much a s  n a t u r a l  
v e n t i l a t i o n ,  causing the  a i r - t o - a i r  system t o  d e l i v e r  a  b i t  more 
than  t h e  t a r g e t .  

The a d d i t i o n a l  loads i n  Fig.  6b have a l l  decreased (with tht- 
except ion  of t h e  balanced system, which i s  unchanged). There has 
been some change i n  t he  o rde r ,  but  t he  gene ra l  t rend  i s  the  same. 
The a i r - t o - a i r  system has become r e l a t i v e l y  less a t t r a c t i v e  a s  the  
envelope leakage a r e a  has  increased .  

F igure  7 s csws t h e  p a i r  of v e n t i l a t i o n  p l o t s  f o r  a  loose  envelope S of 1000 cm of leakage a rea .  The t a r g e t  v e n t i l a t i o n - i s  m e t  almost 
a l l  of t he  t i m e  (See Fig.  7a) ;  only f o r  t h e  calmest condi t ions 
w i l l  n a t u r a l  v e n t i l a t i o n  be i n s u f f i c i e n t .  Although i t  i s  un l ike ly  
t h a t  a  mechanical v e n t i l a t i o n  system would be i n s t a l l e d  i n  such a  
leaky  s t r u c t u r e ,  it  is  u s e f u l  t o  cons ider  t h e  e f f e c t  i t  would have 
on v e n t i l a t i o n  loads ,  

From Fig.  7b we see  t h a t  t h e  a d d i t i o n a l  v e n t i l a t i o n  load aga in  has 
decreased f o r  a l l  t h e  unbalanced systems. The balanced system has 
become about a s  e f f e c t i v e  a s  t h e  exhaust f a n  without recuperat ion,  
and t h e  v e n t i l a t i o n  s t a c k  is  only marginal ly  worse. The exhaust 
system wi th  hea t  recovery d e v i a t e s  only s l i g h t l y  from zero -- 
implying t h a t  i t  c r e a t e s  no a d d i t i o n a l  v e n t i l a t i o n  load;  fur ther -  

o r e ,  t h e  heat-pump system i s  a  net  energy producer under any 
weather condi t ions .  These f a c t s  suggest  t h a t  p u t t i n g  i n  an 
exhaust system wi th  heat  recupera t ion  may 5e e f f e c t i v e  even i n  a  
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leaky s t r u c t u r e .  

Because a l l  of t hese  sys  tems have d i f f e r e n t  cons t ruc t  i on  cos t s ,  
maintenance c o s t s ,  and ope ra t ion  c h a r a c t e r i s t i c s  i t  is  d i f f i c u l t  
t o  compare them i n  general .  For example, w e  can look a t  t h e  power 
requirements of each system. Natural  v e n t i l a t i o n  and a s t a c k  ven- 
t i l a t o r  a r e  completely passive and r equ i r e  no power; t he  o the r  
systems a l l  r e q u i r e  air-handl ing fans  t h a t  w i l l  consume between 50 
and 200 wat t s  of power; a d d i t i o n a l l y ,  t h e  h e a t  pump w i l l  use  an 
e x t r a  400 t o  600 wat t s  t o  pump t h e  hea t  back i n t o  t h e  house. The 
d i s p o s i t i o n  of t h i s  energy w i l l  be d i f f e r e n t  a l so .  I n  t h e  bal- 
anced system and t h e  regenera t ive  system about  ha l f  t he  power w i l l  
be recovered; i n  t he  pure exhaust  system none of i t  w i l l  be 
recovered; and i n  t h e  heat-pump system almost a l l  of i t  w i l l  be 
recovered. The e f f e c t  of t h i s  recovered h e a t  on t h e  energy cos t s  
of t he  house w i l l  depend on such f a c t o r s  a s  c l imate  and type of 
f u e l  and hea t ing  system used. 

The e f f e c t  of leakage a rea  on t h e  t o t a l  v e n t i l a t i o n  provided by 
va r ious  systems can be q u i t e  d i f f e r e n t .  The n a t u r a l  v e n t i l a t i o n  
w i l l  be p ropor t iona l  t o  t h e  leakage a r e a ,  and t h e  balanced a i r -  
t o -a i r  system w i l l  i nc rease  t h e  v e n t i l a t i o n  by about t he  same 
amount; t h e  unbalanced systems, however, a r e  f a r  l e s s  s e n s i t i v e  t o  
a i r  i n f i l t r a t i o n  than  i s  t h e  balanced one. Thus, a s  can be seen 
i n  Fig,  8 ,  t h e  n a t u r a l  v e n t i l a t i o n  and a i r - to -a i r  system a r e  
s t r o n g l y  inf luenced by a n  inc rease  i n  leakage a r e a ,  but the  
exhaust systems a r e  not. 

The inf luence  of leakage a r e a  on d i f f e r e n t  systems becomes more 
apparent  when one looks a t  t h e  a d d i t i o n a l  loads,  a s  shown i n  Fig,  
9 .  The a d d i t i o n a l  load f o r  t h e  balanced system i s  independent of 
leakage a rea ,  but  the  a d d i t i o n a l  load f o r  any of t he  unbalanced 
systems decreases  wi th  inc reas ing  leakage a r e a ,  thus  favor ing  t h e  
balanced system i n  t i g h t e r  s t r u c t u r e s  and t h e  unbalanced systems 
i n  l oose r  s t r u c t u r e s .  

I n  t h i s  r epo r t  we have presented a comparison of the  v e n t i l a t i o n  
and load a s p e c t s  of a few mechanical v e n t i l a t i o n  systems a s  a 
func t ion  of weather and leakage a r e a  f o r  a t y p i c a l  detached s t ruc-  
t u r e .  The r e s u l t s  do not purpor t  t o  i n d i c a t e  the  bes t  v e n t i l a t i o n  
system f o r  a l l  cases ;  r a t h e r ,  we have shown t h a t  which system i s  
b e s t ,  and of course whether one needs a v e n t i l a t i o n  system a t  a l l ,  
i s  critically dependent on t h e  envelope leakage. Furthermore, the 
choice of a n  economical optimum w i l l  depend s t rong ly  on cl imate,  
system performanc e x i s t i n g  HVAC p lan t ,  f u e l  type,  and cos ts .  
Previous s t u d i e s  ' > f o r  much more r e s t r i c t e d  condit ions have borne 
t h i s  o u t ,  
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